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ABSTRACT' 
The surface cleanliness of a polycrystalline tungsten 
sample was studied by peasuring its work function. Argon 
ion bombardment, electron bombardment, radiation heating, 
and controlled oxidation (vacuum) were evaluated with re- 
spect to their effectiveness in initial cleaning as de- 
termined by surface potential measurements, Work function 
measurement techniques were evaluated with respect to de- 
termining their usefulness in detecting surface contamination, 
by controlled oxygen adsorption on the sample surface., Tt 
was found that a surface oxygen relative coverage 8 < %% could 
be observed. For surface oxygen relative coverages 8 2 2 it 
was found that the surface could be cleaned by argon ion 
bombardment doses DAr+ 5 5 0  x lOI4 Ar+/cm2 (the approximate 
the range (250 I E f 500) eV, It was also found for low 
coverage, that surface oxygen could be completely removed by 
electron bombardment for 30 seconds at an electron current 
density of J = l o m 2  A/cm2 at surface temperatures 
but that radiation and resistance heating alone at the same 
> equivalent of 10 monolayers of argon) for ion energies within 
T, = 120OOX 
temperature did not completely remove the adsorbed oxygen,, 
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SURFACE CLEANLINESS RESEARCH 
USING THE WORK FUNCTION TECHNIQUE 
By F, J, Brock 
Norton Research Corporation 
INTRODUCTION 
This report presents the results obtained during the 
experimental evaluation of the usefulness of work-function 
measurement techniques in determining surface cleanliness 
and the effectiveness of ion and electron bombardment in 
cleaning surfaces and the dependance of cleaning rate on 
various operating parameters, 
APPARATUS 
The system is shown schematically in Fig, 1. The main 
vacuum enclosure contained the sample, the sample holder 
and positioning mechanism, sample heater, oxygen source, 
electron gun, ion gun, ion energy analyzer, ion gage, and 
mass spectrometer ion source, The latter two instruments 
were attached to the front flange of the enclosure along with 
main pump (orbion) and the roughing pump (G,E, ion pump). 
The roughing pump plumbing contained a system isolation 
valve, All other apparatus, above; was attached to the rear 
r -  - 
8 
3 
0 
r l r n  -I-, N c 
P r 
t 
I 
0 
Q) 
3 
rl 
B 
I l l  
3 
n 
2 
flange of the enclosureo A l s o  attached to this flange were 
the argon supply for the ion gun, the oxygen supply, (each 
of which containes an ion gage) and an auxilary pump ( G . E .  
ion pump) for evacuating both gas supply systems independent 
of main system operation and for assisting in evacuating the 
main system during oxygen input, Attached to the roughing 
pump plumbing was a sorber pump and a cold trapped,~2~s$age 
mechanical pump for removing atmospheric gases, Gas storage 
bottles with isolation valves were attached to the gas sup- 
ply volumes for recharging them with ultra pure O2 or Ar as 
required, In operation the main vacuum enclosure was inside 
a pair of Helmholtz coils which were mounted on a dolly such 
that they could be removed during degassing, A 45OoC, re- 
movable degassing oven enclosed the main vacuum system and 
all componentsp except the roughing system and the gas 
storage bottles, 
Sample 
The sample was made from high purity tungsten wire rolled 
into a ribbon 1 mil thick, The sample, cut from a short 
length of this ribbon selected by microscopic inspection for 
minimum mechanical imperfections, was 2 mm wide and 5 mm long. 
It was attached to 2 support posts by 2 U-shaped 5 mil wires, 
each welded to the back of the sample 1 mm on either side of 
the sample center The U-shaped wires wmre attached with -2 
welds each to support posts, each of which coiled around the 
end of a ceramic (high purity A12031 support rod, One side 
of this sample mount was tungsten and the other was rhenium 
thus providing a thermocouple for measuring the sample 
temperature, See Fig. 2, 
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H e a t  
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Fig.  2,- Experimental appara tus  subassembly, 
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Sample Holder 
The sample suppor t  was a t t ached  t o  a sample holder which 
provided two r o t a t i o n a l  degrees  of freedom f o r  moving t h e  
sample about i n s i d e  the  vacuum system and p o s i t i o n i n g  it i n  
f r o n t  of t h e  diode cathode o r  heater, oxygen source,  e l e c t r o n  
gun, i on  gunr and mass spectrometer ,  The sample holder (gear  
box) w a s  ac tua t ed  by 2 push-pull  rods pas s ing  through bellows 
seals a t  the  rear f l ange ,  The rods were threaded on t h e  end 
and d r iven  by r o t a t i n g  a n u t - l i k e  device  secured i n  a bear ing ,  
See F ig ,  2, The appara tus  shown was secured t o  t w o  p a r a l l e l  
s t a i n l e s s  steel  beams, canta levered  from t h e  rear f l ange  (a 
p o r t i o n  of one beam may be seen i n  t h e  bottom photo i n  F ig ,  2 ) .  
Sample Heater 
The sample heater was a 20 t u r n  co i l  made of 5 m i l l  
tungs ten  w i r e ,  1,5 mm O,D, and 1 c m  long,, The co i l  w a s  
t h o r i a  coated, The sample could be r a d i a t i o n  heated t o  about 
1 0 0 0 ° C  if pos i t i oned  immediately ad jacen t  t o  t h e  h e a t e r  oper- 
a t i n g  a t  maximum safe temperature ,  This  co i l  was a l s o  used 
as a cathode t o  e l e c t r o n  bombard t h e  sample, providing any 
temperature desired, T h i s  was a p a r t i c u l a r l y  e f f i c i e n t  method 
of hea t ing  t h e  sample i n  t h e  2,2 KG a x i a l  f i e l d  provided by 
t h e  He lmho l t z  c o i l s ,  A sample temperature of t h e  o r d e r  of 
20OO0C could be a t t a i n e d  w i t h  t h e  cathode temperature less 
than 120O0CO This  cathode was a l s o  used as an e l e c t r o n  source 
i n  r e l a t i v e  s u r f a c e  p o t e n t i a l  ( r e l a t i v e  work-function) 
measurements. See Fig ,  2, 
Elec t ron  Gun 
. 
The e l e c t r o n  gun was a 2 element s t r u c t u r e  mounted on, 
1 mrn diameter, 5 c m  long cerapic rods ,  The cathode w a s  made 
of t h e  same m a t e r i a l  as t h e  sample 1,5 mm wide and 3 mm long, 
Each end w a s  a t t ached  t o  a 20 m i l  0,D. t a n t a l i u n  tube  over a 
15  m i l  tungs ten  suppor t  pos t ,  The suppor t  p o s t s  were a t t a c h e d  
t o  3 c o i l s  on t h e  ends of ceramic rods ,  Current  leads a t t ached  
t o  the  f r e e  ends of t h e  suppor t  p o s t s ,  The anode was a 7 m i l  
nicrome V r ibbon 3 mm w i d e  and 1 0  mrn long wi$h a 0,5 mm d i a -  
meter a p e r t u r e  loca t ed  such t h a t  i t s  p r o j e c t i o n  onto  t h e  
cathode w a s  i n  t h e  c e n t e r  of t h e  cathode, The anode w a s  
mounted on t h e  end of a 5 c m  long ceramic rod, The e l e c t r o n  
gun i n  a 2,2 KG f i e l d  suppl ied  by a p a i r  of Helmholtz co i l s  
w a s  used t o  measure t h e  sample work func t ion  by measuring 
sample c u r r e n t  as a func t ion  of p o t e n t i a l  d i f f e r e n c e  between 
sample and gun cathode,  ( I n  Fig.  2 t h e  e l e c t r o n  gun is shown 
w i t h  an i n d i r e c t l y  hea ted  cathode which w a s  l a te r  rep laced  
w i t h  t h e  d i r e c t l y  heated cathode described above,)  
Ton Gun 
i 
The i o n  gun i s  i l l u s t r a t e d  schemat ica l ly  on t h e  follow- 
ing  page. 
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Ionizing electrons are drawn from the cathode to (through) the 
grid, Ions generated within the grid are extracted by the 1st 
lens cylinder, The repeller assists in the operation of ion 
extraction, The ion lens formed by the 1st and 2nd lens 
cylinders focus the extracted ions onto the sample which is 
located about 1 cm in front of the exit mask (during ion bom- 
bardment), (In Fig, 2, for clarity, the ion gun is moved a- 
way from the sample, ) Argon enters the gun through an apera- 
ture in the back plate from a tube located on the axis of 
symmetry. 
Ion Energy Analyzer 
The ion energy analyzer is illustrated schematically 
on the following page, 
a 
Ceramic 
Retarding 
Grid 
Suppressor 
Grid 
The energy analyzer was attached to tpe sample holder such 
that it could be placed in front of the ion gun on the axis 
of symmetry and rotated through the ion beam, See Figa 2 ,  
t 
Ion Gage 
The ion gage was an Extractor Gage fully described 
elsewhere.. (ref, 2) This -gagqwas..selected.. f6mdts; abiliky--- 
to measure oxygen pressure correctly which follows from the 
experimental verification that it is insensitive to ions 
desorbed from the grid by electron impact. It also has a low 
x-ray induced collector current. 
Mass Spectrometer 
The mass spectrometer (G,E. Model 22PT 12, modified) was 
mounted on the front flange such that the gas desorbed from 
8 
, 
the sample during eb heating could enter the mass spectrometer 
ion source directly. 
the variable field magnet to permit rapid removal and replace- 
ment such that returning and realignment were unnecessaryo 
A precision mounting was provided for 
Oxygen Source 
The oxygen source was a molecular beam type, The beam was 
fgrmed-by a close:packed array of:-22-gold tubes (15 mil ID, 3 mil 
wall., 2’cm long) in the end of a balast volume which was con- 
nected to the oxygen supply valve by a nickel tube, The end 
of the tube array was located 1 cm away from the sample plane, 
The array axis passed directly through the mass spectrometer 
ion source to permit direct calibration of the oxygen beam, 
The oxygen source was attached to the apparatus support beams 
such that its axis was orthogonal to the sample plane and the 
same distance from the axis of rotation as the sample center, 
SETUPS AND CAZIBRATIONS 
A typical setup used for surface potential measurements 
is illustrated schematically below, 
Sample Cathode 
Current 
Electrometer 
Voltage 
Supply 
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- -  - A typical setup used fer measuring sample mrrenk vs 
retarding-potential charackeristies’ is Schematically il- 
lustrated below, 
- *  
Anode 
The ion gun sensitivity was found to be linear with pres- 
sure over the argon pressure interval (lom9, 5 x l o m 6 )  Torr 
(the range over which it was evaluated). The optimum electrode 
voltages were independant of pressure within the above pressure 
interval, The extracted (sample) ion current was approximately 
a linear function of electron grid current, Approximately 20% 
of the cathode emission current was collected by the repeller, 
10 
The c u r r e n t  dens i ty  of t h e  e x t r a c t e d  ion  beam was uniform 
across the e x i t  a p e r t u r e  as determined by pass ing  the  energy 
analyzer  through t h e  ion  beam. The e x i t  mask c u r r e n t  w a s  ap- 
proximately 25% of the  c u r r e n t  collected by the  sample, How- 
ever  t h e  e x i t  mask a p e r t u r e  was approximately l mm l a r g e r  than  
t h e  sample on each side. The  t o t a l  c u r r e n t  passing through 
t h e  mask ape r tu re  was no t  measured b t only t h a t  f rac t ion  of 
t h e  e x i t  beam c o l l e c t e d  by t h e  sample, Thus it i s  estimated 
t h a t  t h e  t o t a l  beam c u r r e n t  w a s  approximately 100% l a r g e r  than 
t h e  measured cu r ren t .  The r a t io  of sample ion  c u r r e n t  t o  pres- 
su re ,  evaluated a t  5 m a  g r i d  c u r r e n t  (a t y p i c a l  v a l u e ) ,  w a s  
0 .05  A/Torr over  t h e  p’ressure range 10”91to 5 x l o m 6  T o r r .  
Since t h e  p o t e n t i a l  w i t h i n  t h e  i o n i z a t i o n  volume ( g r i d  
volume) i s  n o t  only a func t ion  of g r i d  p o t e n t i a l  bu t  a l s o  
e l e c t r o n  dens i ty  (emission c u r r e n t ) ,  the lens vol tages  f o r  
optimum focus should depend on emission c u r r e n t ,  T h i s  w a s  
experimental ly  confirmed. 
Severa l  ion  energy analyses  were made of t h e  e x i t  beam 
w i t h  t h e  energy ana lyzer  located on t h e  ion  gun a x i s  of sym- 
me t ry ,  F ig ,  3 and 4 presen t  t h e  r e s u l t s  of ion  energy ana lyses  
for t w o  sets of i on  gun opera t ing  parameters (normalized and 
corrected for secondary e l e c t r o n  emission from the  suppressor  
g r i d  and for ion  focuss ing ) .  
I t  may be seen t h a t  t h e  t o t a l  ion  energy spread i s  less 
than 20 e V  f o r  a g r i d  p o t e n t i a l  of 300 v o l t s  and i s  about 20 
e V  f o r  a g r i d  p o t e n t i a l  of 500 vo l t s .  I t  may a l s o  be observed 
t h a t  t h e  p o t e n t i a l  of t h e  region f r o m  which ions  were e x t r a c t e d  
11 
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is noticably lower than the grid potential, indicating a non- 
negligable electronic space charge density in the ionization 
volume, This implies that the mean ion energy is a function 
of emission current as well as grid potential, It also re- 
quires that the optimum lens voltage ratio be searched out by 
tuning , 
Buring initial operation, the system pressure varied from 
2 x 
used during ion bombardment), The lowest pressure was obtained 
during initial operation with the roughing pump and auxilary 
pump operating and the main pump turned off, The oxygen source 
was calibrated by measuring the equilibrium pressure resulting 
from an arbitrary oxygen flux with only the roughing pump in 
operation, The conductance between the system and the roughing 
pump was calculated and then checked experimentally using 
argonp while simultaneously measuring the pump pressure and 
system pressureo From the known conductance and pressure the 
O2 beam flux was calculated, 
Torr to 5 x lom6 Torr (the highest argon pressure 
Figure 5 gives two views of the apparatus during operation, 
PROCEDURE AND RESULTS 
The first operation on the sample was to remove the sur- 
face of both sides of the sample by argon ion bombardment, 
Since it was expected that a relatively large amount of ad- 
sorbed material remained on the sample surface after system 
degassing,, large ion doses.vere applied-and the-relative sur- 
1 
i 
\ 
Fig .  5,- System i n  operat ion.  
face potential was measured after each dose. The ion energy 
face normal) was 30' for the sample front surface and O o  for 
the sample back surface. The ion dose was determined by 
measuring the ion beam current collected by the sample (which 
was maintained at V = 0) an the bombardment time, It had 
been previous y determined that the current density across 
the ion beam was uniform. The results of the first series of 
ion bombardments are presented in Fig. 6 for the front surface 
of the sample. 
25 eV and the angle of incidence (meqsured from the sur- 
During initial ion bombardment of the sample the slope of 
the change in surface potential as a function of ion dose ap- 
proached zero for an ion dose of approximately 60 x 
(see Fig. 6). This ion bombardment dose is principally a func- 
tion of the quantity and type of contamination on the sample 
surfacee Samples of different materials and different histories 
very probably would require different ion bombardment doses to 
achieve a constant surface potential. For example, Bradford 
(Refo 3) found for a.nickle sample, that after an ion dose of 
about 275 x 10l4 Ar+/cm2 no further chance occurred in surface 
potential. 
The sample used in this work had been degassed many times, each 
in excess of 10 hrs at temperatures between 400 and 45OOC. An- 
other example, which required no ion bombardment to achieve a 
constant surface potential, is the electron gun.cathode which 
had a history very similar to the sample, It was however given 
a very sever degassing and cleaning treatment, as described 
later, before achieving a constant work function. 
Ar+/cm2 
, 
His sample had been degassed for 2 hrs at 550OC. 
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The sample was heated by electron bombardment to 6OO0C, 
As the gas desorption rate from the sample decreased the 
sample temperature was gradually increased until the temperature 
reached 1 0 0 0 ° C ,  The relative Work function was measured fre- 
quently during the electron bombardment process, The bom- 
bardment was, of coursel suspended during work function 
measurementl, Since the accelerating voltage applied to the 
sample during electron bombardment was of the order of 1000 
voltsd the constant current source and electrometer used to 
measure the surface potential were disconnected during 
electron bombardment to eliminate insulation polovization and 
thus permit measurement o f  the surface potential immediately 
after reconnecting the current source and electrometer, 
It was observed during several thermal pulses between 
l2OO0C and 135OOC that the resistance between the sample and 
ground decreased rapidly at these temperatures, It is suspected 
that the thin (probably discontinuous) conductive film known 
to have been deposited on the sample ceramic support rods dur- 
ing the system bake, decreased the effective resistivity of 
the rods as their temperature increased, This was partially 
verified by applying a high voltage to the sample (cold) for 
short time intervals and subskquently measuring the resistance 
between the sample and ground, The sample-to-ground resistance 
was increased by several orders of magnitude (to a useable 
value) using this technique, In all subsequent operations the 
maximum sample temperature was restricted to 1000°C with only 
very brief flashes to temperatures above this value, 
T h i s  r e s t r i c t i o n  s u b s t a n t i a l l y  reduced t h e  ra te  a t  which 
t h e  bulk material of t h e  sample could be cleaned (which w a s  
necessary t o  a s s u r e  t h a t  dur ing  la te r  measurements t h e  s u r f a c e  
d id  n o t  become contaminated by bulk i m p u r i t i e s  a r r i v i n g  a t  t h e  
su r face  by d i f f u s i o n ) ,  A f t e r  a number of i o n  bombardment- 
e l e c t r o n  bombardment (T,,, = 1000°C) cyc le s  it became obvious 
tha t  the c leaning  process  w a s  indeed s l o w .  During these clean- 
i n g  cyc le s  t h e  sample work func t ion  would sometimes i n c r e a s e  
as a r e s u l t  of e i t h e r  i onso r  e l e c t r o n  bombardment and a t  o t h e r  
t i m e s  t h e  same ope ra t ion  would decrease the  re la t ive work func- 
t i o n .  E lec t ron  bombardment occas iona l ly  produced no measurable 
change i n  su r face  p o t e n t i a l ,  however i o n  bombardment always 
y i e lded  a change i n  s u r f a c e  p o t e n t i a l .  The erat ic  behavior  of 
t h e  re la t ive  work func t ion  a t  t h e  end of a c leaning  cyc le  
depended no only on t h e  previous temperature-time h i s t o r y  o f -  
t h e  sample b u t  also on system p res su re  and which pumps were 
opera t ing .  
To accelerate t h e  c leaning  process  the  sample w a s  main- 
t a i n e d  a t  a temperature  between 750 and 1000°C for  many hours 
during which t i m e  a continuous oxygen f l o w  w a s  admitted t o  t h e  
system and t h e  pumping speed ad jus t ed  t o  maintain a moderately 
high 02 pres su re  wi th in  t h e  system. Progress  w a s  eva lua ted  
by te rmina t ing  t h e  oxygen f l o w  and pumping t h e  system down, 
then cool ing  t h e  sample, and admi t t ing  a p resc r ibed  oxygen 
dose t o  t h e  sample su r face .  The change i n  re la t ive work func- 
t i o n  w a s  observed dur ing  t h e  02 dose. The sample s u r f a c e  w a s  
then i o n  bombarded. Each i o n  bombardment w a s  i n t e r r u p t e d  
several t i m e s  and t h e  sample re la t ive work func t ion  measured. 
19 
D a t a  from 3 of t h e  above cleaning progress  eva lua t ions  are 
presented i n  Fig.  7. The curves g ive  t h e  decrease i n  re la t ive  
work func t ion  as a func t ion  of accumulated ion  dose (E = 425 e V ,  
ai = 0 ) .  
immediately p r i o r  t o  t h e  ion  bombardment r e s u l t s  p l o t t e d  i n  the  
bottom curve w a s  t h a t  expected t o  produce a monolayer of ad- 
sorbed atomic oxygen. The 02 dose a mi t t ed  t o  t h e  sample sur-  
p r i o r  t o  the  ion  bombardment p l o t t e d  i n  each of t h e  o t h e r  t w o  
curves w a s  somewhat l a r g e r  than t h a t  expected t o  produce a 
monolayer, The t o t a l  change i n  r e l a t i v e  work func t ion  de- 
creases s l i g h t l y  as t h e  q u a n t i t y  of adsorbed oxygen inc reases  
( v a r i a t i o n  i n  t h e  oppos i te  d i r e c t i o n  w a s  a n t i c i p a t e d ) .  T h i s  
may r e s u l t  from d i f f e r e n t a s u r f a c e  condi t ions  p r i o r  t o  0 2  ad- 
so rp t ion  o r  d i f f e r e n c e s  i n  t h e  t i m e  i n t e r v a l s  between O 2  ad- 
so rp t ion  and ion  bombardment o r  f r o m  d i f f e r e n c e s  i n  sample 
temperature immediately p r i o r  t o  ion  bombardment, The f i n a l  
su r f ace  p o t e n t i a l s  r e s u l t i n g  from the  3 series of ion  bombard- 
ments shown ( taken a t  d i f f e r e n t  t i m e s  i n  t h e  cleaning process)  
are approximately equal  ( t h e  zero re ference  i s  a r b i t r a r y  bu t  
c o n s i s t e n t  f o r  t hese  3 curves ) .  The above r e s u l t s  imply t h a t  
t h e  re la t ive work func t ion  of t h e  sample su r face  had s t a b i l i z e d  
and consider ing t h e  technique used t o  produce t h i s  s t a b i l i t y ,  
t h a t  t h e  su r face  w a s  probably bare tungsten a t  least  i m -  
mediately a f t e r  e i t h e r  e l e c t r o n  bomardment o r  ion  bombardment, 
l~he  data i n  Fig.  7 imply t h a t  t h e  ion  bombardment removal of 
an adsorbed l a y e r  of oxygen r e q u i r e s  an accumulated ion  dose 
whish corresponds t o  something between 2 and 3 ions  i n c i d e n t  
on each adsorpt ion s i t e  ( s t a t i s t i c a l l y )  * T h i s  r e s u l t  appears 
t o  be c s n s i s t a n t  with other data. 
The t o t a l  oxygen dose admitted t o  t h e  sample su r face  
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While conducting other operations in the system whish 
caused the system pressure to increase to about 5 x l o m 8  
Torr, the sample remained idle for about 9 hrs. 
time it adsorbed gas from the various species within the system, 
The sample surface was recleaned by heating the sample to about 
8 5 Q ° C  and relative work- function measurements were made during 
the process, The resultssare presented in Fig, 80 The sample 
surface potential increased with heating time finally arriving 
at a constant value. Between heating pulses the relative work 
function was independent of time, The peak amplitude of the 
gas pulse observed in the system as a result of a sample heat-? 
ing pulse, decreasedewith the number of heating pulses, Just 
before the relative work function reached a constant, stable 
value the peak amplitude of the system gas pulse was a few 
times Torr and lasted for only a few seconds, It dis- 
@ppe-ared completely after the surface potential became constant. 
From Figo 8 it is clear that the last two heating pulses pro- 
duced no further change in surface potential and a subsequent 
ion bombardment produced no further change in the surface 
During this 
potential, 
The ahange in relative work function produced by oxygen 
adsorption and removal by radiation heating the sample was 
investigated. Representative results are presented in Fig, 9, 
A constant 02 flux was admitted to the sample and the surface 
potential measured frequently. The bottQm curve in Fig, 9 gives 
the accumulated 0 2  dose as a function of time and the top curve 
gives the sample surface potential as a function of time, After 
725 sec the 0 2  flux was turned off and the sample temperature 
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$ 
increased to approximately 900OC. Since the sample heat mass 
was very smallp the warm-up time was negligible, While the 
sample was hot a fraction of the O2 previously adsorbed was 
desorbed from the sample surface, The desorbed 0 2  was ob- 
served as a sharp pressure pulse lasting only for a few 
seconds, This implies that substantially all the 0 2  removed 
from the sample surface was removed in the first few seconds 
of the heating interval and that the relative 0 2  coverage re- 
mained approximately constant for the remainder of the heating 
interval. The sample surface potential was measured immediately 
following cool down (a few seconds) and the 0 2  flux was again 
turned on. The results for 2 cycles of this procedure are 
given in Fig. 9 to show the repeatability of each operation 
involved, It may be observed that the adsorbed 0 2  was not 
completely removed after 150 sec. at about 900°C and that repe- 
titiowof the heating cycle for 200 sec did not reduce the l 
1 fraction of the adsorbed 02 which remained on the surface 
after cool down, It was consistantly found that adsorbed 
oxygen could not be completely removed from the sample sur- 
face by radiation heating alone (consistant with the maximum 
sample temperature limitation discussed previously), 
Adsorbed oxygen removal by electron bombardment was in- 
vestigated by admiting a small 02 dose onto the sample surface, 
the relative work function was measuredo the surface was 
electron bombarded for a short time interval, and the relative 
work function was again measured. Representative data are 
presented in Fig, 10, The current density used during electron 
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bombardment was J = lom2 A/cm2 and the accelerating voltage 
applied to the sample- was, adjusted such that the sample 
temperature was the same as that used during radiation heating 
onlyo The electron bombardment interval was 30 sec, The ac- 
cumulated O2 dose incident upon the sample surface was 
Don 2 3 x 02/cm2, which corresponds to 8 r .15 (for ad- 
sorbed oxygen atoms), The adsorbed oxygen was observed as a 
sharp pressure pulse lasting only for a few seconds, 
The data presented in Fig. 10 indicates that an oxygen 
coverage 8 = 0.15 was removed by the combined effects of sample 
heating and eleckron impact desorption during electron bombard- 
ment with a current density of-approximately A/cm2 in 30 
sec, Supposing that all the oxygen was removed by electron 
impact desorption (a conservative assumption for a sample 
temperature of approximately 1175OK) as atomic oxygen, the 
rate of change of surface coverage may be written 
where g is the number of oxygen atoms removed per electron and 
8 is the relative coverage. Integrating this equation gives 
27 
where t b  is the electron bombardment time and T = - where Jt g - 
cr, For 0 (tb)/O (0) = 0,l 
(a final coverage of 1,5% after 30 sec, for the present example), 
it follows that 
is the number of surface sites per cmz0 
Using the data given in Fig, 10 and taking bo = 5 x 1014 cm-2 
gives g = 6,l x low4 oxygen atoms removed per incident electron 
at T, =! 1175OKo 
measured for the 02, &b system at about room temperature (ref, 4 ) ,  
Since the above calculation neglects the oxygen thermally de- 
sorbed during the\bombardment interval, the actual value of g 
is probably smaller than the value calculated above, 
Values of g = 6.5 x lon4 o/e have been 
Oxygen removal from the sample surface by ion bombardment 
wqs investigated under a number of conditions. The procedure 
used was as follows: A reference geometrical and electrical 
configuration was setup forT*h&.Gh ::the -stabhe !+iSLean) 
work funcfion of the sample surface had been established by 
measurements taken after many ion and electron bombardments, 
The sample surface potential was measured and compared to this 
-relative 
t 
expected value. If the measured value clearly differed from 
the expected value the sample surface was recleaned by ion 
bombardment or electron bombardment or both, 
several short electron bombardments were sufficient to recover 
Frequentlyp 
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the expected relative surface potenkia1. This procedure was 
preferred since pumpdown following an argon bombardment was a 
slow processD A prescribed oxygen dose was applied to the 
sample, During application of some of the oxygen doses a dif- 
ferent geometrical and.-electrical configuration was used which 
permitted continuous measurement of the relative surface 
potential, at other- times, to satisfy other requirements, a 
configuration was used which did not allow continuous measure- 
ment of the surface potential. Since the numerical values of 
the relative work function differ with different configurations, 
quantitative comparison of different data sets is sometimes 
not possible, although qualitative comparison is always valid, 
After a presaribed 0 2  dose had been applied the 02 flow was 
abruptly terminated, the surface pote.ntia1 measured, and the 
sample immediately moved to a neutral location, The argon 
flow was turned on, the roughing pump valved off (to prevent 
saturation with argon), and the ion gun was turned on, The 
argon flow and the speed of the main pump were adjusted to ob- 
tain the desired beam current, which was determined by Veasur- 
ing the exit mask current,, This procedure was preferreg over 
adjustment of the beam current by adjusting the gun grid cur- 
rent, since the energy distribution of the ion beam was known 
to be a function of electron current to the grid (for a fixed 
set of electrode potentials). The sample was then moved in 
front of the ion gun and centered in the beam,, After bom- 
barding the sample with a prescribed ion dose, the ion gun was 
turned off (argon flow remained on) and the sample was moved 
in front of the reference cathode, After measurement of the 
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surface potential the sample was moved to a neutral position, 
the ion gun turned on againp and the sample centered in the 
ion beam, This procedure was continued until the surface 
potential returned to the expected value, 
Figure 11 presents the variation of relative work func- 
t i o p  with argon.ion bombardment dose for a sample surface 
initially at,a low relative oxygen coverage, 
dose admitted to the surface was DO2 = 7,2 x 
is estimeted to yield a relative coverage of approximately 
6 2 0,36, The relative coverage 8, is calculated from a 
measured oxygen dose based on published results for the surface 
total capture cross section (sticking probability) (re%, l), 
It is assumed that dissociation accompanhes adsorption, 
presented later on, tend to validate this procedure and con- 
firm Beckers results, The ion beam was incident at an angle 
ai = 0 (parallel to the surface normal) and the mean ion energy 
was E = 425 eV, The surface potential had returned to the 
value measured prior to the oxygen dose after an argon ion 
dose DAr+ = 3.25 x 10l4 A’r+/cm2. The ion dose required to 
reduce the change in surface potential associated with oxygen 
adsorption,,by a facker erl is .62 x 10l4 Ar+/cm2, If the 
surface potential is taken as a linear function of surface 
coverage (at this low coverage), then 8 is reduced by the same 
factor e”l, The number of oxygen atoms/cm2 removed lay the 
above don dose is thep 6(l=eo1) Q I where 6, is the number of 
surface sites available per cm2. The mean sputtering yield 
(averaged over the same interval) is 108 O/Arf ,  
The total oxygen 
02/cm2 which 
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Fig. 11, Oxygen removal by ion bombardment. 
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Figure 12 presents the results of a similar series of 
measurements except that the oxygen dose was Do 
was 0 = ,62, The ion dose required to reduce the oxygen as- 
sociated potential change by a factor e-l was 2.3 x 
and the number of oxygen atoms/cm2 removed (assuming linearity 
between AV and 6) was 1.96 x 1014 O/cm2. 
yield of .85 O/ArS, 
= 12,6 x 
2 
It is estimated that the resulting relaEive coverage 
Ar+/cm2 
This gives a mean 
Figure 13 presents the results of a similar series of 
measurements except that the surface coverage was approximately 
8 = 1,5, It may be observed by comparing the results in Figs, 11 
through 13 that the ion dose required to remove adsorbed oxygen 
is not a linear function of coverage but that the dose required 
to clean the surface increase6 faster than the coverage in- 
creases. 
Figure 14 presents the relative work function variation 
with ion bombardment dose for an ion beam angle of incidence 
ai = 45O and a mean ion energy 8 =  425 eV. 
corresponding to 6 = 2 had been previously applied in one con- 
tinuous dose with the sample maintained at 2O0CO The sample 
had been electron bombarded (J = , l o m 2  A/cm2 and Ts = 1000°C) 
immediately prior to oxygen adsorption, Comparing Figs, 13 
and 14 it may be observedythat for ai = 45' the ion bombardment 
dose required to remove the adsorbed oxygen is smaller than 
that required to remove the adsorbed oxygen far ai = O 8  even 
though in the latter case the initial coverage was lower, 
This implies that the adsorbed oxygen removal rate increases 
An oxygen dose 
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w i t h  i o n  angle  of incidence.  (Sput te r ing  tungsten atoms from 
a bare su r face  would n o t  be expected t o  show t h i s  dependance 
an angle of incidence fo r  ion  energ ies  i n  t h e  neighborhood of 
400 e V ,  see ref.  8 . )  
Figure 15 p resen t s  data on t h e  v a r i a t i o n  of r e l a t i v e  sur-  
f a c e  p o t e n t i a l  with oxygen.dose admitted t o  t h e  sample su r face .  
The su r face  had been previously e l e c t r o n  bombarded and then ion  
bombarded. The oxygen w a s  admitted t o  t h e  sample i n  increas- 
ing  increments beginning with a dose which corresponded t o  
8 < 0.05. The su r face  p o t e n t i a l  was measured before  each 
increment. At ten t ion  w a s  *given t o  maintaining a l l  other 
v a r i a b l e  parameters f i x e d  during the  e n t i r e  dose. The curve 
drawn through t h e  data p o i n t s ,  al though a good f i t ,  i s  some- 
what  i dea l i zed .  The changes i n  s lope  are probably n o t  as 
abrupt  as shown. The change i n  s lope  a t  p o i n t  A i s  i n t e r -  
p re ted  t o  imply t h a t  t h e  sample su r face  has  been covered with 
an atomic l a y e r  of oxygen, 8 = 1. The change i n  s lope  a t  p o i n t  
B i s  i n t e r p r e t e d  t o  imply t h a t  t h e  su r face  coverage has ar- 
rived a t  8 = 2 .  ( I f  d i s s o c i a t i o n  d id  n o t  accompany adsorpt ion 
t h i s  would correspond t o  one oxygen molecule p e r  su r face  s i t e . )  
Beyond p o i n t  B no measurable change occurred i n  t h e  r e l a t i v e  
su r face  p o t e n t i a l  u n t i l  t h e  su r face  w a s  ion  bombarded about 
25 min. la ter . '  The oxygen f l u x  i n c i d e n t  upon the sample w a s  
maintained cons t an t  f o r  about 1/3 of t h e  above i n t e r v a l .  The 
above data imply t h a t  t h e  surface capture  c ros s  s e c t i o n  for  
oxygen ( s t i c k i n g  p r o b a b i l i t y )  i s  0 .139  below 1 atomic l a y e r  
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and is 4,5 x between 1 and 2 atomic layers (based on 
5 x 1014 sites/cm2).. Deviations between the above data and 
previously published,results (ref. 1) are everywhere less 
than lo%, 
Occasionally the change in relative work function was 
continuously observed during admission of oxygen to the sample, 
Although the setup was modified during such observations, 
certain semiquantitative conclusions may be drawn from the ob- 
servations, As the oxygen flux was turned on, the relative 
surface potential was observed to beginchanging at about the 
same time that the ion gauge began to indicate a pressure 
rise, 
operations and the very short delay time involved, it was 
estimated that the relative surface potential had begun to 
change by the time the oxygen coverage had reached about &%, 
Figure 16 presents the variation in relative surface poten- 
tial with ion bombardment dose during the removal of the oxygen 
dose discussed above. The mean ion energy during this bom- 
bardment was E = 260 eV and the angle of incidence was ai = 0, 
The argon ion dose required to remove the adsorbed oxygen is 
about the same as that required at i? = 425 eV and ai = 45O, 
may be observed that a given oxygen?coverage does not always 
yield the same change in surface potential. Part of this 
variation results from differences in sample temperature either 
during oxygen adsorption or during the relative surface poten- 
tial measurementso However part of the variation probably re- 
sults from operating too near the knee of the diode- I , - - V  charac- 
teristic, The operating point used was not always the same, 
From an estimate of the oxygen dose during these transient 
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The value chosen for  t h e  cons t an t  c u r r e n t  source w a s  gene ra l ly  
n o t  t h e  value desired b u t  r a t h e r  a value which w a s  s u f f i c i e n t l y  
l a r g e  t h a t  t h e  sample leakage t o  ground d i d  n o t  introduce sub- 
s t a n t i a l  errors i n  s u r f a c e  p o t e n t i a l .  I t  may be t h a t  i n  some 
cases t h e  magnitude of t h e  cons t an t  c u r r e n t  source used w a s  
s u f f i c i e n t l y  l a r g e  t h a t  t h e  ope ra t ing  p o i n t  was.dr iven up near  
the  knee of t h e  I ,  V characteristic. I f  so t h i s  could in-  
troduce s u b s t a n t i a l  errors i n  t h e  r e l a t i v e  su r face  p o t e n t i a l  
measurements. Such errors would n o t  however, i n v a l i d a t e  the 
q u a l i t a t i v e  conten t  of any of t h e  r e s u l t s  by only t h e  numerical 
magnitude of t h e  measurements. 
Changes i n  work func t ion  of t h e  sample su r face  were measured 
using the  r e t a r d i n g  f i e l d  technique w i t h  an e l e c t r o n  gun as t h e  
e l e c t r o n  source and t h e  sample as t h e  t a r g e t .  These measure- 
ments were conducted wi th  t h e  apparatus  i n  a 2 . 2  KG a x i a l  mag- 
n e t i c  f i e l d .  The cathode w a s  cleaned by maintaining it a t  about 
2000OC for  long t i m e  i n t e r v a l s .  During p a r t  of these clean-up 
opera t ions ,  while t h e  cathode w a s  h o t ,  a pure oxygen f l u x  w a s  
admitted t o  t h e  system. A t  t h e  end of t h e  c leaning process  
t h e  cathode temperature could be raised from room temperature 
t o  opera t ing  temperature without  producing a measurable gas 
pu l se  wi th in  t h e  system. The gun anode was cleaned by e l e c t r o n  
bombardment. During work funpt ion  measurements t h e  anode cur- 
r e n t  used w a s  w i th in  t h e  range ( l o m 7 ,  5 x l o m 6 )  amp. and t h e  
anode a c c e l e r a t i n g  vol tage  w a s  w i th in  t h e  range ( 2 0 ,  1 0 0 )  v o l t s .  
The sample w a s  maintained a t  electrometer i n p u t  p o t e n t i a l  and 
t h e  measured vol tage  between cathode and ground w a s  co r rec t ed  
for  t h e  e lec t rometer  i n p u t  p o t e n t i a l .  
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Figures 17 and 18 present typical results obtained using 
the above technique. Figure 17 gives the change in sample 
work function resulting from a few seconds of electron bom- 
bardment at about 1000°C (during sample cleaning), After the 
sample was clean the left curve in Fig, 18 was measured after 
admitting to the sample surface an oxygen dose corresponding 
to 0 = 2 ,  During application of the oxygen dose it was dis- 
covered that the oxygen supply pressure was low, Thus the 
coverage is not known exactly. However neglecting this 
temporary reduction in flux the coverage could not have been 
greater than 2 .  The sample was then electron bombarded for 
a few seconds (J = lom2 A/cm2 and T, = 1000°C) and the work 
function again measured, The results are given in the right 
curve of Fig. 18, It may be observed (from the change in 
target work function) that the one short electron bombardment 
has removed a substantial fraction of the adsorbed oxygen, 
DISCUSSION OF RESULTS 
It was generally found that sample conditions, sample 
processing and experimental measurements were quite re- 
peatable, There is little doubt that the sample surface was 
frequently bare tungsten and independant of the level of con- 
tamination at any given time, could be returned to that con- 
dition in a relatively short interval using straight forward 
techniques, It is also clear that if the surface were con- 
taminated this condition could be detected with reliability, 
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Even without the service of the mass spectrometer, it was quite 
clear that a prescribed oxygen coverage could be applied to the 
sample surface and that the ion bombardment dose or the electron 
bombardment parameters required to remove it could be predicted, 
By exercising careful control over internal operations, 
the pumps in,operation, and the system pressure it was routinely 
found that the sample work function could be maintained, in- 
dependant of time for a clean surface or a partly covered sur- 
face for sample temperatures within the range 2 0 °  to 75OoC, 
For example the surface pote,ntial was continuously monitored 
immediately after an.ion bombardment cleaning for something in, 
excess of 2 hrs,, during which the drift in surface potential 
was less than 0,015 volts. This time is very large compared 
to the usual time inkerval between measurements. It is therefore 
concluded that the observed changes in relative surface potential 
are principally associated with the operations performed. on the 
sample 
, 
It was generally found that the total ion bombardment dose 
required to remove an oxygen relative coverage 8, increased 
faster than 8, however the initial relative removal rate for an 
oxygen coverage 8 appears to be nearly independant of 8, There 
does not appear to be a strong dependance between removal rate 
and ion energy within the energy interval used (250, 500) eV, 
It does appear that the removal rate-increases with angle of 
incidence. The removal rate was not observed to depend on the 
ion bombardment flux density over the interval used (loll, 
2 x 
m 
Ar+/cm2sec but rather only on its time integral (dose) 
4 4  
' 'k 
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The maximum ion  energy used i n  t h i s  work d i d  n o t  exceed 
T h i s  w a s  done t o  minimize t h e  q u a n t i t y  of i n e r t  gas 500 eV.  
bur ied (ref. 5)  i n  t h e  sample and thus minimize t h e  change i n  
work func t ion  induced by la t t ice  d i s t o r t i o n .  I t  i s  suspected 
t h a t  t h e  minimum ion  energy requi red  t o  e f f i c i e n t l y  remove ad- 
sorbed oxygen from t h e  su r face  i s  s u b s t a n t i a l l y  lower than t h e  
lowest ion  energy used i n  t h i s  work. Sput te r ing  y i e l d s  a r e  
found t o  be a very s t rong  func t ion  of ion  energy only below 
&out 150 e V  f o r  a number of metals ( r e f  6 )  and thresholds  as 
l o w  as 8 e V  have been measured for  n i c k l e  (ref., 7 ) .  I t  i s  
therefore expected t h a t  an adsorbed su r face  l a y e r -  having a 
binding energy somewhat lower than t h e  atoms of t h e  substrate, 
could be e f f i c i e n t l y  removed by ions  having energ ies  of t h e  
order  of 1 0 0  e V  o r  perhaps less. Argon ion  beams i n  t h i s  energy 
range have t h e  advantage t h a t  l e g s  than 0 . 1 %  of t h e  i n c i d e n t  
ions  are trapped i n  t h e  sample su r face  ( r e f .  5 ) .  
E lec t ron  bombardment w a s  a l s o  found t o  be an e f f e c t i v e  1 / 
c l e a n i n g  method b u t  of course,  involves  r e l a t i v e l y  high sample 
temperatures. Radiation and r e s i s t a n c e  hea t ing  alone w e r e  
no t  found t o  be s a t i s f a c t o r y  c leaning  methods. 
Absolute and r e l a t i v e  work func t ion  measurements w e r e  
both found t o  be s a t i s f a c t o r y  methods of d e t e c t i n g  and measur- 
ing  su r face  contamination, A d e f i n i t e  response i n  su r face  
p o t e n t i a l  i s  observable f o r  very l o w  re la t ive oxygen coverage, 
8 < 
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